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Abstract
The genes encoding proteins involved in respiratory chain assembly represent candidate genes for nuclearly-encoded
multiple respiratory chain deficiency. Using the long PCR amplification procedure, we have characterized the organization
and complete sequence of OXA1L, a gene involved in the assembly of several complexes of the mitochondrial respiratory
 .chain. The OXA1L gene 5 kb is composed of 10 exons and 9 introns and contains a 24 N-terminal amino-acid stretch is
characteristic of a mitochondrial presequence. The screening of OXA1L mutation in patients with multiple respiratory chain
deficiency is now feasible.
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The mitochondrial respiratory chain catalyzes ox-
idative phosphorylation, i.e. the transfer of electrons
from NADH and succinate to oxygen, via four mul-
 .tienzymatic complexes complexes I to IV and the
concomitant generation of an electrochemical gradi-
ent which drives ATP synthesis by ATPase complex
.V . The respiratory chain is largely made up of a
hundred of polypeptides encoded both by the mito-
chondrial and the nuclear genomes. In addition, the
biogenesis of the respiratory chain involves several
nuclearly-encoded proteins that control the expres-
sion and assembly of the various subunits in the inner
membrane. The study of respiratory-deficient nuclear
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mutants has enabled the identification of several pro-
tein coding genes in yeast, including OXA1 for
.OXidase Assembly . The OXA1 gene product is
involved in the assembly of the cytochrome c oxidase
w xand ATPase complexes 1 . Recently, the human
 .homologue of the OXA1 cDNA OXA1L has been
cloned by functional complementation of the yeast
mutant, suggesting that the protein could play a
similar role in either organisms. OXA1L has been
w xmapped to human chromosome 14q11.2 2,3 .
On the other hand, a number of diseases associated
with a respiratory chain deficiency have been de-
w xscribed in human 4 and mitochondrial DNA dele-
tions and point mutations have been identified in
various syndromes and associations. Hitherto, how-
ever, only one nuclearly-encoded gene mutation has
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w xbeen reported in respiratory chain deficiencies 5 .
Since OXA1L is involved in respiratory chain assem-
bly, it represents a serious candidate gene for nucle-
arly-encoded multiple respiratory enzyme deficiency.
Here, we report the complete cDNA sequence and
genomic organization of the human OXA1L gene and
describe the nucleotide structure of the putative regu-
latory elements in the 5X upstream region of the gene.
Fig. 1. Sequence of the OXA1L gene. The Sp1 sites are underlined, the NRF1 sites are shown in bold italic letters, and the CATT box is
double underlined. Primers used for sequencing are the following: nt y391 to nt y411, nt 5 to nt y18, nt y32 to nt y42, nt 176 to nt
195, nt 243 to nt 226, nt 739 to nt 759, nt 769 to nt 749, nt 1468 to nt 1487, nt 1477 to nt 1459, nt 1789 to nt 1809, nt 2155 to nt 2175, nt
2983 to nt 2963, nt 3987 to nt 3307, nt 3322 to nt 3302, nt 4002 to nt 3982, nt 4351 to nt 4371, nt 4361 to nt 4341, nt 4786 to nt 4806, nt
4796 to nt 4776, nt 5254 to nt 5231.
( )A. Rotig et al.rBiochimica et Biophysica Acta 1361 1997 6–10¨ 9
Isolation of the human OXA1HL gene. Phage re-
 6.combinants 1.2P10 of a l FIXII human lym-
phoblastoid cell line genomic library were screened
with a 32P-dCTP probe encompassing part of the
w xOXA1L cDNA 2 . Positive clones were purified by
an iterative screening procedure and DNA was iso-
lated by a DEAE-cellulose procedure. Exon-contain-
ing fragments were identified by PCR amplification
using exon-specific primers.
Sequence of OXA1HL gene. For sequencing in-
trons and exon-intron boundaries, the genomic clone
1-1 was submitted to long PCR amplification be-
 .tween primer T7 and primer 5245–5231 Fig. 1 .
DNA was amplified on a GeneAmp PCR System
 .9600 Perkin-Elmer Cetus using 1.5 U Taq DNA-
Pwo DNA polymerases Expand Long PCR System,
.Boehringer-Mannheim in a final volume of 50 ml
 .containing 50 mM Tris-HCl pH 9.2 , 16 mM
 .  .NH SO , 2.25 mM MgCl , 2% vrv DMSO,4 2 4 2
 .0.1% vrv Tween 20, 500 mM of each deoxynu-
cleotide and 300 nM of each primer. Amplification
conditions were 948C for 4 min followed by 10
cycles at 938C for 10 s, 558C for 30 s, 688C for 10
min and 20 cycles at 938C for 10 s, 558C for 30 s,
688C for 10 min plus 20 s for each cycle and a final
extension at 688C for 10 min. Amplification products
were loaded onto a 1% agarose gel and were directly
 .sequenced using exonic primers Fig. 1 and the
Prisme Ready Reaction Sequencing Kit Perkin-
.Elmer Cetus , on an automatic fluorometric DNA
 .sequencer Applied Biosystems . Following initial re-
actions, new primers were designed according to
novel sequence information. For RT-PCR analysis,
total RNA from B-lymphoblastoid cell lines was
reverse transcribed using oligo-dT primer and submit-
ted to PCR amplification using a forward primer in
the upstream region of translation initiation codon nt
.y32 to nt y42 and a reverse primer specific of
 .exon 1 nt 243 to nt 226 .
A human lymphoblastoid cell line genomic library
constructed in the bacteriophage lFIXII was screened
using OXA1L cDNA probes. Five positive clones
spanning 2.5 to 10 kb of genomic DNA were iso-
lated. PCR amplification, Southern blotting and se-
quence analysis using primers derived from the cDNA
sequence confirmed that 3r5 clones contained the
full length OXA1L gene, 1r5 contained the 5X end
and 1r5 contained the 3X-end of the gene.
Fig. 2. A. Sequence of the exon-intron boundaries of the OXA1L
gene. Exons are in uppercase letters. The position of the exon-in-
tron boundaries is indicated with respect to the genomic sequence
 .Fig. 1 . B. Structure of the OXA1L gene. The position of exons
1 to 10 are indicated by vertical blocks.
Sequence analysis of the 800 bp upstream the 5X
end of the gene revealed two additional in-frame
 .translation initiation codons Fig. 1 . The transcript
resulting from the first additional in frame ATG
 .1724 bp will fit better with the estimated size of the
 .OXA1L transcript f2 kb determined by Northern
w xblot analysis 2 than the previously reported coding
 .sequence 1.5 kb . RT-PCR amplification of lym-
phoblastoid cell line RNA using a forward primer
located 32 nt upstream from the first ATG codon nt
.y32 to nt y4 and a reverse primer in the previ-
 .ously reported cDNA sequence nt 234 to nt 226
produced a 277 bp fragment demonstrating that this
domain of the gene was indeed transcribed not
.  .shown . The resulting open reading frame 1484 bp
is predicted to encode a 495 amino-acid protein. The
P-SORT program was used to predict the subcellular
localization of the expected protein. The best score
for location of the protein within the mitochondrial
inner membrane was obtained if the proximal initia-
 .tion codon were used 0.882 . A lower score for
 .mitochondrial anchorage 0.857 was obtained if the
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protein were translated from the originally reported
w xinitiation codon in exon 1 2 . The 24 N-terminal
amino-acids stretch of the OXA1L protein is charac-
teristic of a mitochondrial presequence, as it includes
 .  .i no acidic residue, ii a high percentage of leucine,
 .  .serine and threonine, iii three basic aminoacids, iv
a sequence likely to form an amphiphilic helix, as
w xexpected for a mitochondrial presequence 6 .
Large-fragment PCR amplification and bi-direc-
tional sequence analysis of clone 1-1 containing the
 .entire genomic fragment 6.5 kb enabled the exon-
intron boundaries and the intron sequence to be char-
acterized. The OXA1L gene spans 5043 bp and
contains 10 exons ranging in size from 80 to 242 bp
 .and 9 introns 84 to 1623 bp, Fig. 2 . Sequence
analysis of the 5X untranscribed region failed to detect
the canonical TATA-like sequence in the vicinity of
the transcription initiation site, a feature which is
specific of housekeeping genes but detected a CAAT
 .box TCAATCT at nt y25 to nt y32 and three
putative Sp1 binding sites y703 to y712, y587 to
.y595, y453 to y462 . In addition, a 12 nt-long
 .motif CCTGCACGTGAG sharing a 9r12 nu-
cleotide homology with the consensus nuclear respi-
 . w xratory factor 1 NRF1 binding site 7 was located
y451 to y440 bp upstream of the translation initia-
tion site. A second motif sharing a 11r12 nucleotide
identity with the NRF1 binding site was located
within the first exon at nucleotide 145 to 156.
In conclusion, the present study describes long
PCR amplification of genomic DNA as a useful tool
for rapid characterization of intron-exon organization
of protein coding genes in human. Finally, the com-
plete sequence and genomic organization of OXA1L
makes the screening of mutations in multiple respira-
tory chain deficiency now feasible.
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